Abstract A serious complication associated with breast cancer treatment is the increased risk for development of therapy-related myeloid neoplasms (t-MN). To determine whether dose-intensive adjuvant regimens for breast cancer induce genetic damage to hematopoietic stem cells, defined by the emergence of clonal hematopoiesis, and whether detection of clonal hematopoiesis could be used as an early marker for the subsequent development of t-MN, the Southwest Oncology Group designed a pilot clonality investigation to estimate the incidence of clonal hematopoiesis during and shortly after completion of the doseintensive neoadjuvant regimens for high-risk breast cancer patients. Peripheral blood samples from 274 patients obtained prior to treatment, at time of surgery, and at 6 and 12 months post-surgery were examined by two different clonality assays: the HUMARA (HUMan Androgen Receptor) assay to estimate the incidence of early genetic damage by clonal proliferation, and microsatellite instability (MSI) testing to screen for LOH or defective DNA mismatch repair mechanisms. Clonal hematopoiesis was negative in 93.5% of the samples analyzed. Five patients showed a HUMARA-positive/MSI-negative pattern, and no patients showed a HUMARA-negative/MSI-positive pattern. With a median follow-up of 3.1 years, one patient in our study developed t-AML at 3 years 5 months after randomization. Our results indicate that clonal hematopoiesis
Introduction
Therapy-related myeloid neoplasms (t-MN) have been reported with increasing frequency during the last decade in patients receiving intensive neoadjuvant and adjuvant chemotherapy with or without radiotherapy, for treatment of breast cancer [1] [2] [3] [4] [5] [6] [7] . Retrospective studies have also suggested that the addition of supportive care measures for these dose-intensive regimens, such as the use of hematopoietic growth factors, may also be associated with an increased risk of t-MN [3, 4, 7] . As disease-free and overall survival for women with advanced-stage breast cancer following treatment with anthracycline-cyclophosphamide-taxane-based regimens and regional local therapy continues to improve, late-effect complications of therapy, including the development of t-MN, must be investigated to maintain and continuously improve efficacy while minimizing life-threatening sequelae [8] [9] [10] .
Many agents used in the treatment of cancer may induce genetic damage resulting in somatic mutations that confer a selective growth advantage and lead to the expansion of an abnormal clone of hematopoietic stem cells. According to the Jacobs model for leukemogenesis, these acquired somatic mutations are an essential early, possibly initial, step in the development of t-MN, resulting in clonal hematopoiesis with or without any obvious cytogenetic or hematological change, such as dysplasia or cytopenias [11] . The acquisition of additional genetic lesions, such as clonal cytogenetic aberrations, appears to be essential for the subsequent development of t-MN. In support of this model, Carter and others described clonal hematopoiesis in * 30% of the 70 clinically asymptomatic patients who had received prior cytotoxic therapy for lymphoma [12, 13] . Using the DNA methylation, X-inactivation-based human androgen receptor assay (HUMARA), Mach-Pascual et al. [14] detected clonality just prior to autologous transplantation in 10 of 78 patients (13.5%) previously treated for non-Hodgkin lymphoma. Four of the 10 patients developed t-MN in comparison to only two of 53 patients with polyclonal hematopoiesis, indicating the HUMARA clonality assay may predict for the development of t-MN (P = 0.004). Moreover, Gale et al. [15] have shown that sequential X-linked clonality assays are predictive of subsequent evolution to frank MDS or AML. These studies suggest that the presence of clonal hematopoiesis following chemotherapy may be a common event and pilot prospective studies are warranted to determine their clinical relevance.
Two common, complementary PCR-based methods to detect clonal hematopoiesis and genetic damage are the HUMARA assay and microsatellite instability (MSI) assay. The highly reproducible HUMARA assay distinguishes polyclonal from monoclonal hematopoiesis based on the highly polymorphic number of tandem CAG repeats (n = 9-36) in the first exon of the HUMARA locus, by differentiating the maternal and paternal X chromosomes and the methylation status of the active and inactive X chromosome [14] [15] [16] [17] [18] . The MSI clonality assay screens for the presence of defective DNA mismatch repair mechanisms and loss of heterozygosity (LOH) caused by failure to repair the errors that normally occur during replication of repetitive DNA sequences [19] [20] [21] [22] [23] [24] . These alterations are easily observed in the lengths of microsatellites due to deletions or insertions of repeating units to produce novel length alleles in tumor (test) DNA when compared with the normal/germline (control) DNA from the same individual.
With the combined widespread use of adjuvant chemotherapy in breast cancer and the concomitant increase in t-MN, the Southwest Oncology Group designed a pilot prospective investigation (ClinicalTrials.govIdentifier: NCT00016406) to use these clonality assays to estimate the incidence of clonal hematopoiesis during and shortly after completion of the dose-intensive neoadjuvant regimens for high-risk breast cancer patients to address the following questions: (1) Does genetic damage leading to the development of clonal hematopoietic stem cell disorders occur with unacceptable frequency in patients receiving doseintensive anthracycline-based adjuvant regimens for the treatment of breast cancer? (2) Will careful monitoring of this patient population reveal additional t-MN with longterm follow-up? And, (3) Does the administration of recombinant hematopoietic growth factors, such as G-CSF, used to minimize morbidity and facilitate scheduled drug dosing, play a potentiating role in the development of these secondary malignancies?
Materials and methods

Patients
Peripheral blood samples were obtained from 274 patients registered on a prospective randomized phase III Southwest Oncology Group trial to evaluate neoadjuvant therapy in women with previously untreated inflammatory or locally advanced breast cancer (S0012; ClinicalTrials.govIdentifier: NCT00016406) and who consented for the clonal hematopoiesis correlative study. Briefly, patients were randomized to receive standard doxorubicin (60 mg/m 2 ) and cyclophosphamide (600 mg/m 2 ) given intravenously on day one of a 3-week cycle for five cycles, with paclitaxel (80 mg/m 2 ) given intravenously once a week for 12 weeks (arm 1) versus weekly doxorubicin (24 mg/m 2 ) and daily oral cyclophosphamide (60 mg/m 2 ) for 15 weeks with G-CSF (5 mcg/kg/day) support given on days 2-7 each week followed by weekly paclitaxel (80 mg/m 2 ) for 12 weeks (arm 2) as neoadjuvant therapy for inflammatory and locally advanced breast cancer (Fig. 1) . Peripheral blood samples (n = 657) for clonality analyses were collected from February 2002 through September 2007 at the following time points: (a) prior to treatment, (b) at time of surgery, and (c) at 6 and 12 months post-surgery. The clonality assays were performed in a blinded fashion at two separate facilities to obtain the highest degree of confidence.
HUMARA assay
Ten to 40 ml of peripheral blood per patient was obtained in sodium heparin tubes. Time in transit for the blood samples ranged from 24 to 96 h. Upon receipt, mononuclear cells were separated by density gradient centrifugation (Ficoll-Paque Plus, Amersham Pharmacia, Piscataway, NJ). T-cells were isolated according to manufacturer's directions with M 450 Pan-T CD2 Dynabeads (Invitrogen, Carlsbad, CA). T-cell and granulocyte DNA was extracted with standard phenol/chloroform protocols or with the Qiagen EZ-1 BioRobot (Qiagen, Valencia, CA).
The HUMARA assay was performed using a non-radioactive variation of the assay described by Mach-Pascual et al. [14] and quantitated by the method of Delabesse et al. [17] . Briefly, this PCR-based assay amplifies an *250 to 300 base pair (bp) region of the first exon of the human androgen receptor. Two Hpa II methylation-sensitive sites reside within 100 bp 5 0 to the polymorphic CAG repeat. The primers used flanked the methylation-sensitive restriction enzyme sites and the CAG repeat simultaneously. Genomic DNA was digested with RsaI and HpaII enzymes. A known positive control was run with each digestion round for quality control. PCR conditions and primers followed the published protocol; however, a fluorescent (6-FAM) (nonradioactive) labeling method was used. Samples were analyzed on an ABI 3100 with GeneScan software v.3.1 (Applied Biosystems, Foster City, CA). Each reaction was diluted 1:50 in ddH 2 O. One microliter of this dilution was added to 12 ll Hi Di formamide (Applied Biosystems) with 0.7 ll HD400 ROX size standard (Applied Biosystems) for analysis on the ABI3100. POP-4 polymer was used for all runs. All samples were run in duplicate.
The allelic ratio was defined as the ratio between the two X-linked alleles. Because X-inactivation patterns (XIP) show tissue specificity and only neutrophils, not T-cells, show skewing with age, T-cells collected from each patient served as control tissue to eliminate false positives associated with age-related skewed X-inactivation [25, 26] . Two ratio corrections were used in this study. The corrected ratio, which compensates for preferential amplification that may occur in either T-cell or granulocytic fractions, is the allele ratio of the methylation-sensitive reaction (HpaII and RsaI) divided by the allele ratio of the non-digested (methylation-insensitive) reaction of the same specimen. The second correction, division of the corrected granulocyte ratio by the corrected T-cell ratio, controls for skewed XIP or excessive Lyonization that may mimic true clonal hematopoiesis, especially in older females [27, 28] . Samples were considered skewed if both the T-cell ratio and the granulocyte ratio were above 3, whereas HUMARA-positive samples showed a second corrected ratio (granulocyte/ T-cell) greater than 3. All ratios discussed in the results are this final corrected ratio (G/T). Four possible outcomes were observed by the HUMARA assay: negative (polyclonal), positive (monoclonal), monoallelic (non- informative) or skewed XIP. Samples that showed an apparent skewed XIP and a G/T ratio at one time point only were considered indeterminate until a second (follow-up) sample on that patient was processed.
Microsatellite instability testing
Ten MSI markers were chosen for study. The first five MSI markers, BAT26, BAT40, APC, Mfd15CA, and D2S123, were chosen on the basis of the existing literature, documenting their utility in the detection of MSI in a variety of different malignancies. The Big Adenine Tract (BAT)-26 mononucleotide and the D2S123 dinucleotide loci are from the Bethesda reference panel. The other highly informative markers were chosen on the basis of their location in genomic regions where chromosome translocations or LOH have been frequently reported in t-MN and, specifically, where abnormalities have been associated with topoisomerase II inhibitors. These five MSI markers (with genomic location) include AFM240YA11 (3q21), AFM302xb9 (11q23), AFM 031xc5 (21q22), AFM337zg5 (12p12), and AFMb298yh5 (20pter-20qter), common ''hotspots'' in t-MN. The forward primer of each primer set was 5 0 -end labeled with a fluorophore to allow for automated fluorescence detection (6Fam, Hex, or Tet: blue, yellow, green fluorescence, respectively). All PCR reactions contained 100 ng of either normal (T-cell) or experimental (PMN) DNA and 2.5 units of AmpliTaq Gold polymerase (PerkinElmer, Waltham, MA). ''Hot start'' PCR amplification was performed according to manufacturer's recommendations with an extension phase of 45 cycles. MSI analysis was performed using 2 ll of each PCR product and combined with a 350-bp size standard (Perkin-Elmer) labeled with the red fluorescent fluorophore Tamra and run on a 4% polyacrylamide denaturing gel. The gels were run on an ABI 377 instrument and were analyzed following electrophoresis using Genescan Analysis software (Applied Biosystems). Genotyper DNA Fragment Analysis Software (Applied Biosystems) was used to determine the allele sizes of the amplified products.
Statistical analysis
Presence of clonality was compared between the two treatment arms at each time point using Fisher's exact test. Changes in clonality between successive time points were also explored.
Results
The median age for the 129 patients randomized to arm 1 was 49 years old (range 25-74 years); for patients randomized to arm 2 (145 patients), the median age was 52 years old (range 27-76 years). Follow-up specimens for patients registered to S0012, ranging from one to four per patient (median, 2), were submitted for 198 (72.2%) patients (Fig. 2) . Of the 76 patients with only one sample, 51 were removed from protocol therapy for the following reasons: toxicity (n = 14), progressive disease (n = 14), explicit refusal (n = 8) or death prior to completion of sample collection (n = 15). Five patients were removed from protocol therapy because of treatment delays due to infection, EKG abnormalities, or institutional ineligibility. Twenty patients were lost to follow-up.
Overall, the results of both assays were strongly concordant at each time point. In 193/198 patients (316 of 330 or 96% of paired analyses), the MSI and HUMARA assays yielded the same result. None of the samples had evidence of MSI at any of the loci studied at any time point in either arm of the study. In contrast, samples from five of 198 patients had evidence suggesting a clonal hematopoietic population by the HUMARA assay at the following time points: two at pre-treatment, one at 6 months, and two at 12 months. In each of these cases, a polyclonal T-cell fraction and a skewed granulocytic population were noted (Figs. 3, 4) . Three of these five patients had follow-up samples showing a polyclonal pre-study pattern with a gradual increase in the corrected ratio over time and the last sample positive for clonal hematopoiesis. One patient was positive at pre-study sample and all follow-up samples. The last patient had a positive pre-study sample but was lost to follow-up. To the best of our knowledge, none of these patients developed microsatellite instability or a hematological malignancy. All remaining patients tested One patient enrolled in the clonal hematopoiesis study developed t-MN at 3 years 5 months after enrollment on the study. This patient was treated on arm 2, and her S0012 pre-treatment sample was polyclonal. By comparing the sequential electropherograms in this patient over 1 year, a gradual shift is observed in her corrected G/T allelic ratios: 1.1 in August 2002, 1.6 in May 2003, and 1.8 in August 2004. Unfortunately, no samples were submitted for this patient in the 20 months prior to diagnosis of t-MN. The sample collected at the time of diagnosis of t-MN (3 years 5 months post-registration) showed a skewed XIP by HUMARA, suggesting clonality; however, a pure T-cell control fraction was not collected at this time point because of her high leukemic blast count, thus precluding the calculation of the second correction factor.
A monoallelic or non-informative HUMARA pattern, defined as a pattern in which the maternal and paternal alleles cannot be distinguished, was observed in 24 (8.6%) patients. This finding is consistent with the C10% frequency reported in the literature [14, 27, 29] . Moreover, 43 patients (15.6%) in our study showed non-age-related XIP, a result thought to occur by chance, or other genetic factors involved in the X-inactivation selection process and consistent with the *20% skewed XIP reported for the general female population [18, 25, 27, 28] .
Of the 19 patients (6.9%) who showed HUMARA G/T ratios above 3.0 in one or more samples, 14 patients were classified as ''indeterminate'' owing to highly skewed XIP in their pre-treatment samples and their corresponding follow-up samples. None of these samples showed MSI. These results were associated with preferential amplification in the granulocyte or the T-cell fraction and consistently observed when the T-cell separation was compromised by the submission of a clotted specimen or the DNA quantity was less than optimal because of low white blood cell counts posttreatment or prolonged specimen transit time.
Discussion
Concerns about the rising incidence of t-MN following dose-intensive neoadjuvant and adjuvant therapy for breast cancer have prompted several large retrospective analyses to identify predisposing risk factors [3, 4, 6, 7, 30, 31] . From the six National Surgical Adjuvant Breast and Bowel Project (NSABP) studies that examined different doxorubicin and cyclophosphamide dosing schedules, t-MN risk correlated more closely with dose intensity than total cumulative dose. Although the overall t-MN risk was small relative to that of breast cancer relapse, dose-intensive doxorubicin (A) and cyclophosphamide (C) regimens that required Fig. 4 Electropherograms from a patient (185528) enrolled on S0012, treatment arm 2. Collection times are indicated at the bottom of the electropherograms. For each collection time, four fractions are analyzed. The top fraction is the T-cell/Rsa I control digestion, the second fraction is the T-cell RsaI/HpaII control digestion, the third fraction is the polymorphonuclear (PMN) fraction/RsaI control digestion, the last fraction is the PMN/RsaI/HpaII test fraction. The two peaks in each fraction represent the two alleles. In the three control fractions, the allele peaks remain relatively constant throughout the collection time points. The test fraction shows a significant decrease in the second allele at both the surgery and 6-month time point hematopoietic growth factor support had a cumulative incidence of t-MN of 1.01% at 5 years in comparison to those who received standard AC where the incidence was 0.21%. The NSABP investigators also noted that patients who received breast radiotherapy experienced more t-MN with a cumulative risk of 2.38 (P = 0.006) [7] . A retrospective case-control analysis from France corroborated these findings, noting an increased relative risk of t-MN of 6.3 and 3.9, respectively, for patients receiving G-CSF or radiotherapy [4] . They noted that use of the topoisomerase II inhibitors, particularly mitoxantrone, was associated with the highest risks of t-MN. For patients who received mitoxantrone, the relative risk was 15.6 compared to anthracycline-based regimens. In a separate retrospective analysis, 5510 women over the age of 65 years treated for stages I-III breast cancer who were in the Surveillance, Epidemiology, and End Results (SEER)-Medicare data base were evaluated for the risk of t-MN. The hazard ratio for t-MN for the 906 patients who received hematopoietic growth factors (G-CSF or GM-CSF) during their treatment was 2.14 compared to those who did not receive growth factor support. However, the association of growth factor use with adjuvant chemotherapy and increased incidence of t-MN was not found in another large SEER-Medicare observational analysis [31] . Thus, to address concerns about the relationship of dose-intensive chemotherapy regimens with the use of hematopoietic growth factor support to development of t-MN, we attempted to evaluate some of these identified risk factors in a prospective study. We used two different assays to screen for early evidence of genetic damage to the hematopoietic cell population following two different AC containing regimens (one employing G-CSF support) that were administered as neoadjuvant therapy for women with high-risk breast cancer. Only one patient in our study cohort has developed t-MN; this patient was treated on arm 2 where patients received continuous exposure to cyclophosphamide and weekly doxorubicin with G-CSF support. Her clonal hematopoiesis test samples at six and 12 months following treatment showed no evidence of an emerging clonal population, and she had normal cytogenetics when she presented with t-MN. Unfortunately, no samples were submitted for this patient in the 20 months prior to her diagnosis of t-MN at 3 years 5 months after randomization. As discussed above, many of the cases of t-MN following chemotherapy for treatment of breast cancer with exposure to toposiomerase II inhibitors typically occur with a short latency period of only 12-24 months following chemotherapy exposure and have been associated with recurring chromosomal translocations involving the MLL gene at chromosome band 11q23. Thus, while we had hypothesized that the median follow-up time would be sufficient to detect the majority of cases of t-MN in this study population, the only case of t-MN occurred later and had a normal karyotype. Thus, our assays were not sufficiently sensitive to detect an early emerging clonal population in this patient. Since the trial design did not include collection of samples for clonality analysis at treatment time points beyond 12 months, it is impossible to know whether these assays may have been able to pick up the emerging population prior to the actual diagnosis of t-MN.
Clonal hematopoiesis, as assessed by serial HUMARA and MSI assays during and following neoadjuvant therapy, was not clearly detected in either arm of S0012. Overall, the two assays were highly concordant. Although there were five cases with evidence of a clonal hematopoietic population using the HUMARA assay, none of these patients had evidence of clonality using the MSI assay. In fact, the HUMARA results in two of these patients suggested that a clonal population may have been present prior to initiation of therapy, whereas two other patients showed a gradually rising ratio suggestive of the emergence of a clonal population during treatment. Importantly, with follow-up now extending 3.1 years, none of these patients have developed t-MN. Plausible alternative explanations for the HUMARA-positive clonality observed in our five patients may be related to the proposals recently reported for the 20-25% of elderly women who show age-dependent skewed XIP by the HUMARA assay, namely, the possible result of either accumulated DNA damage over time or environmentally induced methylation changes suspected to be present in quiescent aging hematopoietic stem cells [32] [33] [34] . The relevance of acquired or age-dependent skewed methylation at the HUMARA locus and in our five HU-MARA-positive patients remains an intriguing aging hematopoiesis question for future studies, especially in light of a recent study that confirmed the presence of agerelated skewing in a sizeable cohort of females aged 43-100 years by three independent X-chromosome inactivation assays [35] .
Overall, the clinical results of this study are reassuring regarding the relative safety of this intensive neoadjuvant approach. It is important to note, however, that an additional three cases of t-MN have been reported following S0012 treatment. These patients were enrolled in the clinical trial but did not enroll in our correlative trial to evaluate clonal hematopoiesis. Interestingly, all three of these patients were also enrolled in arm 2 of the study. In one of these patients, t-MN occurred with a short latency period of only 1 year and 5 months following treatment. The other two cases had a similar latency period to the patient in our study cohort, occurring at 3 years 6 months and 3 years 1 month, respectively, following study enrollment. There is no available information about the karyotype of the t-MN in these cases. Thus, a total of four patients randomized to arm 2 of S0012 developed t-MN while, to date, no cases have been reported in patients who received Arm 1 chemotherapy (P = 0.12). Longer clinical follow-up is needed to determine whether the incidence of t-MN will rise because the second group of t-MN associated traditionally with alkylating agents (including cyclophosphamide) peaks from 5 to 7 years following drug exposure.
Owing to the low incidence of t-MN reported in our study cohort enrolled in S0012, our results failed to reveal any characteristic features or mechanisms shown to be predictive for the development of t-MN. Regardless, the findings of the current study suggest that (1) patients with high-risk breast cancers can receive intensive neoadjuvant anthracycline-cyclophosphamide-taxane-based regimens with local radiation with hematopoietic growth factor support without an increased risk of the early development of clonal hematopoiesis or subsequent evolution to t-MN; (2) early detection of clonal hematopoiesis using the methodology described above may not be useful as an early marker of leukemogenesis; or (3) our pre-designated follow-up times were too short to pick up the emergence of the clonal population that would result in t-MN arising with longer latency periods. Analyses of other large prospective studies with long-term follow-up will be needed to provide confirmation or refutation of these possibilities.
